ABSTRACT We developed a nitrocellulose-based, dipstick circumsporozoite (CS)-enzyme immunoassay [ELISA] for the simultaneous detection of Plasmodium falciparum and P. vivaxϪ210 CS protein. The assay had a detection threshold of Ͻ250 P. falciparum or 400 P. vivax sporozoites per sample, gave results concordant with dissection of salivary glands and CS-ELISA, but was slightly less sensitive than the CS-ELISA in microtiter plates. The assay consistently detected one infected mosquito in a pool of 10 or 20 mosquitoes, and was 100% speciÞc in discriminating between species of Plasmodium when mosquito suspensions were spiked with sporozoites. The assay could be completed in 1 h, required no specialized equipment, and therefore was useful for Þeld applications.
SPOROZOITE INFECTION RATE in mosquitoes, when combined with abundance, is a direct measure of the intensity of malaria transmission (Gu 1995) . Traditionally, sporozoite infection rates have been based on the microscopic detection of sporozoites in the salivary glands after manual dissection. However, this process is labor intensive and requires highly trained technicians. The use of immunological assays, in particular the circumsporozoite enzyme-linked immunoassay (CS-ELISA), has widely replaced manual dissection for determining mosquito sporozoite rates (Zavala et al. 1982 , Wirtz et al. 1987a , Wirtz and Burkot 1991 . The main advantages of the CS-ELISA are that it is species-speciÞc and can detect sporozoites in pooled samples. Processing pooled specimens is a highly efÞcient and economic method for determining sporozoite rates, particularly when vector infection rates are low (Wirtz et al. 1987a , Gu 1995 . The CS-ELISA has been used in numerous epidemiological investigations on the vectorial capacity of a wide variety of anopheline mosquitoes for Plasmodium parasites (e.g., Rosenberg et al. 1989 Rosenberg et al. , 1990 , and has increased our understanding of the transmission dynamics of malaria (Rosenberg et al. 1989 ). However, the CS-ELISA does not differentiate between sporozoites in the salivary glands and protein in the thorax, and therefore cannot completely replace dissection as a means of conclusively incriminating malaria vectors. Also, the CS-ELISA is not suitable for settings outside an equipped laboratory.
In the current article, we report on the development and evaluation of a simple, low technology assay suitable for identifying potential malaria vectors and measuring sporozoite infection rates. This assay does require sophisticated laboratory apparatus and is operational under Þeld conditions. Although not intended to replace the CS-ELISA, the Þeld operability and ease of use of the dipstick assay may prove useful in areas where the CS-ELISA is not available and immediate results are required.
Materials and Methods
Initial efforts focused on developing an assay that was rapid, simple, and had a minimal sensitivity of no Ͼ500 Plasmodium falciparum (Pf) or P. vivax (Pv) sporozoites. In addition, the assay had to differentiate accurately between P. falciparum and P. vivax on a single dipstick.
Reagents. Monoclonal antibodies (MAB) speciÞc to the circumsporozoite (CS) protein antigen of P. fal-ciparum (Pf) and P. vivax (Pv)-210 strain were used. The capture antibodies were MABs PF2A1O, PVNSV3, and PV22. The development and characterization of these MABs as well as their use in the CS-ELISA was described by Wirtz et al. (1987b, and unpublished data) . Horseradish peroxidase (HRP) conjugates of PF2A10 and PVNSV3 were used as detector antibodies, and Moss 1-Step tetramethylbenzidene (TMB) was used as the HRP substrate (Moss-1, Hanover, MD). PF2A10 is used widely for both capture and detection (as a HRP-conjugate) of Pf circumsporozoite protein in the CS-ELISA, and proved equally effective in the dipstick format. PVNSV3 also is used widely in the CS-ELISA and proved effective as a detector (HRP-conjugate) antibody. However, PV22 provided much greater sensitivity than did PVNSV3 as a capture antibody and was selected for inclusion in the assay.
The Pf recombinant, R32tet 32 positive control antigen was described by Wirtz et al. (1987b) . Collins et al. (1989) described the Pv recombinant NSI 81 V2O used as the positive control antigen in our study. Antigen was diluted to 2 ng/l in distilled water and stored frozen at Ϫ70ЊC. Working solutions were prepared by diluting this stock solution in blocking buffer. Blocking buffer consisted of 5% (wt:vol) dehydrated skim milk in distilled water. Skim milk blocking buffer can be stored frozen for up to 1 yr or at 4ЊC for several weeks. For Þeld purposes, 0.5 g of dehydrated skim milk was stored dry in a 15-ml conical centrifuge tubes. Before use, 10 ml of distilled H 2 O was added to each tube, mixed thoroughly, and allowed to stand for Ϸ30 min.
Unfortunately, the capture antibody (CAB) PV22 does not recognize the repeat region of the Pv circumsporozoite protein, so the synthetic peptide NSI 81 V2O could not be used as a positive control when using PV22. We therefore used frozen sporozoite preparations as a positive control when using PV22. Continued use of PV22 as a CAB will require development of a synthetic peptide for use as a positive control.
Laboratory-Infected Mosquitoes. The NF54 strain of Plasmodium falciparum was cultured as previously described (Burkot et al. 1984) . Gametocytes appeared in the cultures between days 4 and 7 after inoculation and usually were mature, as judged by appearance and the ability to exßagellate, 5 or 6 d thereafter. Anopheles stephensi Liston mosquitoes, at least 3 d after emergence, were fed on a mixture of cultured gametocytes, deÞbrinated blood, and human serum (Burkot et al. 1984) . Mosquitoes that had fed on P. falciparum cultures were maintained at 25 Ϯ 1ЊC, 67 Ϯ 3% RH, and a photoperiod of 16:8 (L:D) h.
Approximately 200 colonized An. dirus Peyton & Harrison mosquitoes were fed on the arms of Plasmodium vivax gametocyte-positive infected volunteers at the government malaria clinic in Kanchanaburi, Thailand (Sattabongkot et al. 1991) , according to an approved human use protocol (Walter Reed Army Institute of Research Protocol #44, on Þle in our laboratory). Mosquitoes were held in the laboratory (Department of Entomology, Armed Forces Research Institute of Medical Science, Bangkok, Thailand) for 14 d, after which a sample was dissected for sporozoites. The remaining mosquitoes were stored frozen at Ϫ70ЊC before testing for sporozoites.
Assay Procedures. A nitrocellulose membrane (BioRad Pure Nitrocellulose Membrane, 0.45-m pore size, Bio-Rad, Hercules, CA) was used as the solid phase for capturing the sporozoite antigens. A 9 by 12-cm sheet of nitrocellulose membrane was cut into six 9 by 2-cm strips. Each of these strips was used to make 20 dipsticks (0.45 by 2 cm each). A piece of labeling tape was folded over the long edge of the 9 by 2-cm strips of nitrocellulose membrane to preclude touching the membrane and also served as a label. Each 9 by 2-cm strip then was cut into 20 dipsticks with a Þne pair of scissors; however, at this stage we did not cut completely through the tape label. This resulted in a sheet of 20 dipsticks held together by the labels. Keeping the dipsticks attached to each other facilitated subsequent steps and simpliÞed their long-term storage.
Capture antibody (0.5 l) was applied to the nitrocellulose membrane with a l0-l motorized, microcapillary pipette (Rainin EDP-Plus pipette, Rainin Instruments, Woburn, MA). This volume of capture antibody produced a distinct circle that did not reach the edges of the dipstick. Up to four capture antibodies could be applied to a single dipstick (i.e., each dipstick could be used to detect up to four different antigens); however, in this study, only PF2A10 and PVNSV3 or PV22 were applied. PF2A10 was used at a concentration of 0.2 mg/ml, PVNSV3 at 0.017 mg/ml, and PV22 at 0.225 mg/ml (diluted in distilled H 2 O). The capture antibody was allowed to dry for 30 min at room temperature, after which each sheet of 20 dipsticks was submerged for 30 min in 5% skim-milk blocking buffer. Dipsticks were dried for 30 min, and stored between tissue paper in a self-sealing plastic bag.
Whole mosquitoes (individuals or in pools of up to 20) were triturated in 0.5 ml skim-milk blocking buffer containing 0.5% (vol:vol) of nonidet P-40 (NP-40, Sigma, St. Louis, MO) using a motorized pestle (Kontes, Vineland, NJ) in a 1.5-ml microcentrifuge tube. A minimum of 1 positive and 1 negative control were included in each assay. Negative controls consisted of skim-milk blocking buffer alone or containing an uninfected An. stephensi mosquito. P. falciparum-positive controls consisted of the synthetic peptide R32tet 32 . P. vivax-positive controls consisted of synthetic peptide NSI 81 V2O (for use with capture antibody PVNSV3) or P. vivax sporozoites (for use with capture antibody PV22). Serial dilutions of the synthetic positive antigens were prepared in 0.5 ml of skim-milk blocking buffer. Antigen concentrations ranged from 16 ng to 15 pg synthetic peptide per 0.5 ml skim-milk blocking buffer. P. falciparum and P. vivax sporozoites were harvested and prepared as previously described (Burkot et al. 1984 , Sattabongkot et al. 1991 . The sporozoite preparations were stored at Ϫ70ЊC for later use. Serial dilutions of the sporozoites were prepared in skim-milk blocking buffer containing 0.5% (vol:vol) NP-40. Sporozoite concentrations ranged from a high of 32,000/0.5 ml skim-milk blocking buffer to a low of 30/0.5 ml skim-milk blocking buffer. The assay was performed and results graded and recorded as described below.
Dipsticks were incubated for 30 min in the 1.5-m1 microcentrifuge tubes containing the samples, then rinsed for 10 Ð15 s in distilled H 2 O. The dipsticks were incubated for 30 min in 0.5 m1 of the conjugate antibody solution (0.5 mg/ml stock solutions of PF2A10-HRP and PVNSV3-HRP conjugate diluted 1:1500 and 1:1000, respectively, in skim-milk blocking buffer) in 1.5-ml microtubes. Dipsticks were rinsed in distilled H 2 O, and 10 Ð15 dipsticks incubated for 6 min in 10 ml of Moss 1-step TMB enzyme substrate in a 15-ml centrifuge tube. Dipsticks were removed from the substrate, rinsed in distilled H 2 O, and air-dried. Results were recorded Ϸ15 min after the dipstick was removed from the substrate as follows: 0 (negative), 1 (weak positive), 2 (moderate positive), 3 (fairly strong), or 4 (extremely strong). Dipsticks were stored in a laboratory notebook to provide a permanent record of the results.
Laboratory Evaluation. To determine the sensitivity and speciÞcity of the dipstick assay, we compared results obtained with the dipstick assay with those obtained by microscopic evaluation of the salivary glands, and the standard microtiter plate CS-ELISA.
Comparison with Manual Dissection. An intact salivary gland was removed from a mosquito exposed to P. falciparum 21 d previously and examined for sporozoites by phase-contrast microscopy (400ϫ). Results were graded as follows: 0 (negative), 1 (1Ð10 sporozoites), 2 (11Ð100 sporozoites), 3 (101Ð1000 sporozoites), or 4 (Ͼ1,000 sporozoites). The remainder of the mosquito (including the other salivary gland) was triturated in a 1.5-ml microcentrifuge tube, tested by dipstick assay, and results graded and recorded as described previously.
Comparison with CS-ELISA. Thirty-six mosquitoes fed on P. falciparum infected cultures or P. vivaxinfected human volunteers were triturated individually in l00 l of PBS/NP-40. Fifty microliters of the triturated mosquito sample was diluted in 250 l of skim-milk blocking buffer, tested by dipstick, and graded as previously described. Forty microliters of the original triturated mosquito sample was diluted in 80 l of casein blocking buffer for testing by CS-ELISA. Two 50-l samples were tested by CS-ELISA for Pf and Pv sporozoites (Wirtz et al. 1987a ). The samples tested by ELISA contained approximately one-third as many sporozoites as did the samples tested by dipstick. ELISA results were graded visually as follows: 0 (negative), 1 (weak positive), 2 (moderate positive), 3 (strong positive), or 4 (extremely strong positive).
These A second study was conducted at the U.S. Army Medical Research Unit in Kenya. Mosquitoes from the Kisian and Saradidi areas of western Kenya were collected, identiÞed to species (An. funestus Giles and An. gambiae Giles s.l.), and salivary glands were dissected into 50 l of phosphate buffered saline (PBS). Glands were examined for sporozoites under a phase-contrast microscope and sporozoite positive glands were saved in 100 l of casein blocking buffer (Wirtz et al. 1987a) . Glands from 77 sporozoite-positive and seven sporozoite-negative mosquitoes were stored at Ϫ70ЊC until tested. On the day of the test, 150 l of casein blocking buffer containing 0.5% (vol:vol) NP-40 (Wirtz et al. 1987 ) was added to each tube and the salivary glands were homogenized. An additional 750 l of blocking buffer was added to each tube, bringing the total volume to 1 ml. Half of this volume was used for the dipstick assay and half for the CS-ELISA. Dipstick assay results were graded visually as follows: 0 (negative), 0.5 (very weak), 1.0 (weak), 1.5 (weak plus), 2.0 (moderate), 2.5 (strong/moderate), or 3.0 (very strong).
Effect of Pool Size. Pools of 1, 2, 3, 5, 10, 20, 50, or 100 uninfected mosquitoes were spiked with 1,000, 5,000, or 10,000 sporozoites and were assayed. In a subsequent experiment, a single Pf-positive mosquito was added to similar pools of uninfected mosquitoes and assayed.
Dipstick Optimization. To be truly Þeld-usable, an assay must not depend upon specialized storage (i.e., refrigeration or freezing) conditions. We therefore evaluated the effect of various storage conditions on the dipsticks, the test reagents, and positive control material.
One thousand dipsticks were prepared, and 200 each were stored at Ϫ70, Ϫ20, 4, 26ЊC (ambient temperature), or at 34ЊC (in an incubator with relative humidity maintained at 95Ð100%). PF2A10 and PV22 were used as capture antibody on these dipsticks. Dipsticks were held from 1 d to 18 mo before use. On the day of the test, 10 dipsticks from each storage temperature were removed and tested against four serial dilutions of P. falciparum or P. vivax sporozoites. Two dipsticks were used as negative controls. Results were recorded as previously described and compared with results obtained when the dipsticks initially were prepared.
Phosphate buffered saline is the rinsing agent used in many diagnostic assays, including the CS-ELISA, whereas distilled H 2 O is often used to prepare appropriate blocking buffers for use in other steps. Because this assay is intended for Þeld use, we felt that distilled H 2 O or PBS might not always be available. We there-fore examined the effect of different water sources on the efÞcacy of the assay. In a series of experiments, we evaluated distilled H 2 O, PBS (pH 7.2), ordinary tap water, and water with a high organic content (pond water) as rinsing agents or reagent diluents. A total of 200 dipsticks was prepared as previously described. In each trial (3 replicates), 40 dipsticks were used, 10 for each of the four types of wash/rinse solutions. Eight dipsticks were tested against four serial dilutions of P. vivax or P. falciparum sporozoites, with two dipsticks serving as negative controls. Results were recorded as previously described.
Results
Sensitivity of the Dipstick Assay. Serial dilutions of the P. falciparum recombinant peptide positive control material and frozen sporozoites were evaluated in a series of blinded trials. No mixtures of P. falciparum and P. vivax were made (i.e., the test was conducted with either P. falciparum or P. vivax antigen in a single tube, not a mixture of the two). The assay reliably detected 125 pg of the P. falciparum recombinant antigen and 250 P. falciparum or 400 P. vivax sporozoites (Fig. 1) . By increasing the antigen incubation time to 45 min, the assay differentiated between P. falciparum and P. vivax CS protein on a single dipstick and reliably detected as few as 150 sporozoites (Figs.  1 and 2) . We subsequently conducted a doubleblinded test with 25 samples containing 1,000 or 5,000 P. falciparum or P. vivax sporozoites (alone or a combination of both species), as well as three negative controls. The dipstick assay correctly identiÞed all 28 samples (3 negative controls, 8 Pf, 15 Pv, and 2 mixtures containing Pf and Pv).
Comparison with Manual Dissection. Two separate tests with a total of 60 P. falciparum laboratory-infected mosquitoes were conducted (Table 1) . We determined the sporozoite status of 57 of 60 mosquitoes examined microscopically. Of these 57 mosquitoes, 18 were negative and 38 were positive by dissection and dipstick assay; one was positive by microscopic examination (only four sporozoites ob- Fig. 1 . Sensitivity of the malaria dipstick assay for P. falciparum and P. vivax sporozoites and the P. falciparum recombinant antigen. served in the salivary gland) but negative by the dipstick assay. Overall, the sensitivity and speciÞcity of the dipstick assay were comparable with that achieved by manual dissection, with only one (1/19) false negative and no (0/39) false positive results. Somewhat surprisingly, based on the sensitivity of the assay with prepared sporozoite preparations, the dipstick assay accurately detected Þve of six mosquitoes that were graded as a "1" by dissection (indicating that only 1Ð10 sporozoites were observed in the gland).
Comparison with ELISA. Of 36 laboratory-exposed mosquitoes tested by dipstick assay and ELISA, six were P. vivax positive, 15 were P. falciparum positive, and 13 were negative by both the dipstick assay and the CS-ELISA (Table 1) . Two mosquitoes that were positive for P. vivax by ELISA (ϩ1) were negative by the dipstick assay.
A total of 80 mosquito pools containing from 1Ð5 mosquitoes each was prepared from the 263 Þeld-collected mosquitoes from Thailand. One pool of Þve An. maculatus was positive for P. vivax by both dipstick assay and the CS-ELISA. The remaining 79 pools were negative by both dipstick assay and ELISA for both P. falciparum and P. vivax.
Eighty-four Þeld-collected mosquitoes from Kenya were tested by dipstick assay and CS-ELISA. The CS-ELISA data were normalized with a square-root transformation of the data, which were compared with the dipstick values ( Table 2) . Results of the dipstick assay and the CS-ELISA were correlated strongly, explaining 81% of the variation. Although sample preparation procedures used in this test differed slightly from those used in other tests (see Materials and Methods), the results were essentially the same. All seven negative controls were negative by both the CS-ELISA and the dipstick assay. In addition, 10 other dissection-positive samples were negative by both the CS-ELISA and the dipstick assay, whereas 66 samples were positive by both tests. The 10 dissection-positive samples that were negative by both dipstick and CS-ELISA may have been P. malariae or P. ovale sporozoites. One dissection-positive sample was positive by the dipstick assay but negative by the CS-ELISA.
Effect of Pool Size. The assay readily detected 1,000, 5,000 or 10,000 sporozoites in pools of 1Ð20 mosquitoes. The strength of the reaction was slightly weaker in pools of 20 mosquitoes than in smaller pools; however, positives were still easily visible. The assay detected 10,000 (but not 1,000 or 5,000) sporozoites in pools of 50 or 100 mosquitoes. However, the signal was weak and difÞcult to discern. Essentially identical results were obtained when a single infected mosquito was placed in a pool with varying numbers of uninfected mosquitoes. The assay reliably detected CS protein in pools of Յ20 mosquitoes, but not in pools of 50 or 100 mosquitoes.
Effect of Storage Conditions on the Dipsticks. Dipsticks held at Ϫ70 or Ϫ20ЊC retained their efÞcacy for 0  1  2  3  4  Total  0  1  2  3  4  Total  0  1  2  3  4  Total   0  18  1  0  0  0  19  13  0  0  0  0  13  13  2  0  0  0  15  1  0  5  0  0  0  5  0  1  0  0  0  1  0  1  1  0  0  2  2  0  0  6  4  1  11  0  0  2  0  0  2  0  0  1  2  0  3  3  0  0  3  5  3  11  0  0  0  0  1  1  0  0  0  0  0  0  4  0  0  3  4  4  11  0  0  0  2  9  11  0  0  0  0  1  1  Total  18  6  12  13  8  57  13  1  2  2  10  28  13  3  2  2  1  21 Values in each column/row intersection indicate the number of samples with that speciÞc dipstick value and that speciÞc manual dissection or CS-ELISA value. Dipstick, manual dissection, and CS-ELISA results were visually graded from 0 (negative) to ϩ4 (strong positive reaction by dipstick and CS-ELISA or Ͼ1,000 sporozoites observed in the salivary glands). Values in each column/row intersection indicate the number of samples with that speciÞc dipstick value and that speciÞc CS-ELISA value. Dipstick results were recorded as 0 (negative), 0.5 (weak Ϫ), 1.0 (weak), 1.5 (weak ϩ), 2.0 (moderate), 2.5 (moderate ϩ) or 3.0 (strong). CS-ELISA OD values were normalized using a square-root transformation.
18 mo (the longest period the dipsticks were evaluated). Dipsticks held at four or 26ЊC retained their efÞcacy for at least 12 mo, whereas those stored in an incubator at 34ЊC and 95Ð100% RH were effective for only 5Ð 6 mo. Interestingly, in a separate experiment, several packets of dipsticks stored in the incubator were opened and closed several times during a 6-mo period. Heavy mold began growing on these dipsticks; however, these still retained their efÞcacy for at least 6 mo (although with a fainter signal than the packets that remained sealed for the entire 6 mo) despite the mold.
Choice of Wash/Rinse Solutions. The assay performed equally well whether PBS, distilled water, tap water, or tap water with a high organic content (water containing high populations of larval mosquitoes and mosquito food) was used as the rinsing agent, as the diluent for the skim milk blocking buffer used to triturate the samples, or as the diluent for the detector antibody.
Discussion
The malaria sporozoite dipstick assay was simple to perform, giving results in Ͻ1 h under Þeld conditions. When compared with manual dissection, the assay appeared sensitive, and it reliably detected mosquitoes containing as few as 5Ð10 sporozoites in a single salivary gland. Presumably, this heightened sensitivity (compared with results obtained with puriÞed sporozoites) was caused by the presence of circulating CS protein within the mosquito or sporozoites that had not yet penetrated the salivary glands (Golenda et al. 1990 ).
In addition to qualitatively determining the sporozoite status of mosquitoes, the dipstick assay also provided quantitative information about the antigen load. The intensity of the signal was correlated strongly with the number of sporozoites in the mosquito. Mosquitoes with higher sporozoite loads gave much more intense signals than mosquitoes with lower sporozoite loads. Although this system is somewhat subjective, we successfully used a hand-held portable densitometer to quantitate sporozoite loads with the dipstick assay (R.E.C., unpublished data). Use of the densitometer will allow the user to calculate standard deviations and more accurately determine sporozoite loads.
Although the dipstick assay as reported here was only capable of the simultaneous detection of P. falciparum and P. vivax-210, we have developed a prototype assay that detected and differentiated four parasites: P. falciparum, P. vivax-210, P. vivax-247, and P. malariae. However, this multiple system was hampered by nonspeciÞc binding between some of the antibody/antigen combinations, resulting in a high incidence of false positives. We used four different detector antibodies (i.e., one for each species of parasite) in this system; however, use of a Plasmodium generic detector antibody would presumably simplify the entire system. This would make it much easier to optimize the assay and would decrease the number of false positives by minimizing the amount of nonspeciÞc binding. When using four different detector antibodies, it was necessary to use extremely dilute concentrations of each antibody (i.e., 1:3000 instead of 1:1000 or 1:1500 used in this study), lowering the sensitivity of the assay.
There is clearly a need for a Þeld assay capable of rapidly detecting Plasmodium-infected mosquitoes. In many epidemiological studies it is acceptable to delay testing of mosquito specimens until they can be brought to a laboratory equipped with the CS-ELISA; however, in humanitarian or military operations an immediate answer is required, even though a wellequipped laboratory is not available. Although the dipstick assay that we have developed shows promise, it is hampered by the fact that it is a multi-step process that requires Ϸ1 h to complete. Current efforts in our laboratory focus on the development of a single-step assay that can be completed in 15 min or less. In addition, alternative methods of preparation and processing of samples for testing are being explored, as is the development of panel assays capable of detecting other arthropod-borne pathogens. These tools, when commercially available, will be highly advantageous for military use, epidemiological studies, and directed control efforts.
